Microorganisms have been used in cancer research in various screening programs. For example, Johnson, Simpson, and Cline (1962) suggested the use of protozoa and algae to screen for antitumor agents. Lein, Heiiimann, and Gourevitch (1962) and Endo et al. (1963) used lysogenic bacteria to observe the appearance of vegetative phage brought about by radiomimetic compounds, a phenomenon described by Jacob (1952) . Epstein et al. (1964) successfully used Paramecium to demonstrate significant statistical correlation between photodynamic activity and carcinogenicity in the polyeylic aromatic hydrocarbons. With bacteria, many studies have been conducted to test for a correlation between carcinogenicity and mutagenicity of various agents (see the review by Burdette, 1955) . Hsu, Moohr, and Weiss (1965) K-12 (x323) were provided by Roy Curtiss. E. coli m-4 will be referred to as strain M. Spontaneous auxotrophs of E. coli M were selected by use of the methods of Lubin (1962) and Okada, Yanagisana, and Ryan (1962) . Deficiencies for L-leucine, uracil, and thymine were introduced. This triple auxotroph will be referred to as strain Ma. Mucoid variants of some E. coli strains were obtained by selection on 0.6% LiCl agar, and also by ultraviolet irradiation. Saccharomyces cerevisiae NRRL Y-2235 was acquired from Peter Mazur. S. cerevisiae 174/ld (wild type) and S. cerevisiae 173/la (an adeninedeficient auxotroph) were received from Albert G. Moat.
Benzo Media. Buffer contained 0.6% Na2HPO4-7H20 and 0.15% NaH2PO4cH2O (pH 7.1). Minimal medium contained, in addition to buffer: NH4Cl, 0.1%; KCl, 0.05%; Na2SO4, 0.03%; MgCl2-6H20, 0.02%; and glucose, 0.15% (which limits cell yield to 2 X 109 cells per milliliter). For cultivating the triple auxotroph (strain Ma), this medium was supplemented with 66 ,ug/ml of L-leucine, 34 ,gt ml of uracil, and 10 lAg/ml of thymidine. Broth contained: K2HPO4, 0.2%; yeast extract (Difco, dehydrated) , 0.2%; Trypticase (BBL, dehydrated), 0.5%; and glucose, 0.5%. For thymine-deficient strains, it was enriched with 10 lg/ml of thymidine. The liquid media were solidified with 1.6% agar when required for plating, and the glucose concentration was always 0.5%. When serum was to be added to a liquid medium, the medium was prepared suitably concentrated so that, upon serum addition, the stated ingredient concentrations were obtained. The 30% serum-broth (SB) and 30% serum-supplemented minimal (SSM) medium were prepared on the day of use, and were sterilized by filtration through two Millipore membrane filter discs with 0.45-,u porosity. Serummedium lacking benzo [a] pyrene was used as a control culture and was prepared at the same time.
All manipulations with benzo[a]pyrene-containing media were carried out in the dark or under dim amber lights.
Cultivation. Liquid medium, usually in a foilwrapped Erlenmeyer flask, was inoculated with a few tenths of a milliliter of a thick buffer-cell suspension (1011 cells per milliliter) prepared from overnight growth on agar. (The composition of the agar medium was the same as the liquid medium to be inoculated.) The bacteria were incubated at 38 C; the yeast, at 35 C. Gentle agitation (aeration) was provided with a reciprocal shaker in the environment room. In a few experiments, cultivation was in cuvettes or bottles, gently bubbled, in a water bath at a constant temperature.
Harvesting cultures. The culture was centrifuged at 4,000 X g for 5 min in 50-ml centrifuge tubes; the spent medium was decanted, and the pellet was suspended (with the aid of a pipette) to volume in fresh 30% serum-medium. (This wash medium was always the same composition as the cultivation medium.) After three such serum washings, the cells, suitably diluted (usually in buffer), were assayed for radioactivity. The radioactivity remaining after these three serum washings is defined as bound. From it is calculated the bound benzo[a]pyrene. Further serum washing removes negligible additional radioactivity from the cells (Table 1) .
In this report, benzo[a]pyrene uptake is defined as the ability of cells to acquire bound benzo[a]-pyrene.
Analyzing cultures. For radioactivity assays, a 0.1-ml diluted sample was pipetted into 5 ml of scintillation mixture containing naphthalene, 175 g; 2,5-diphenyloxazole, 7 g; and 1,4-bis-2-(4-methyl-5-phenoxazolyl)-benzene, 0.375 g; in * Cells were cultivated on a shaker overnight in 15 ml of SSM medium containing 25 ,ug/ml of H3-benzo[a]pyrene at 7.1 X 105 counts per min per ml. A 5-ml amount of culture was harvested in a glass centrifuge tube and was washed for 5 min with 5 ml of fresh SSM. Radioactivity is related to 1 ml of culture (2 X 109 cells). 1 liter of 1,4-dioxane in a plastic phial. Counts were made to a statistical accuracy of 5% with a Tri-Carb liquid scintillation counter. Decrease in radioactivity due to self-absorption by cells was 25%. In all tables and figures presented here, radioactivity has been corrected for background.
Extractions with 75% ethyl alcohol-ether (1:1) and with 5% trichloroacetic acid were carried out just as the serum washings, in the centrifuge at 4,000 X g, with the aid of a pipette. Radioactivity remaining after ethyl alcohol-ether and trichloroacetic acid extractions is defined as fixed; from it was calculated fixed benzo [a] pyrene.
Absorption spectra of benzo [a] pyrene, before and after uptake, were determined with a Beckman DB spectrophotometer. Fluorescence spectra were determined with a modified Beckman DU spectrophotometer, the excitation wavelength being 365 m,u. Changes in culture density during growth and during lysis by bacteriophage were measured nephelometrically with a model 9 Coleman nepho-colorimeter.
Viable-cell counts were taken by use of the surface-spreading method. The agar was the same composition as broth, but contained 50 slg/ml of thymidine. Broth was used as a diluent. Total cell counts were found by use of phase microscopy with a Petroff-Hausser counting chamber.
Protein was assayed by the Folin-Ciocalteau method described by Layne (1957) . Irradiation to test for photodynamic effects was done with two 15-w General Electric "black light" tubes emitting primarily in the range of 340 to 380 m,u. Protoplast formation was achieved by the method of Lederberg (1956) . Bacteriophage assay was done by use of the agar overlay method, as described by Adams (1950) .
RESULTS
Factors that affect benzo[a]pyrene uptake. Figure 1 demonstrates that the presence of benzo[a]pyrene did not alter growth of E. coli Ma, that the rate of benzo[a]pyrene uptake in a growing culture was the same as the rate of growth, and that uptake ceased as growth ceased. In Fig. 2 (Fig. 2) . In Fig. 3 leucineless suspensions with chloramphenicol, is proportional to the cell concentration. However, uptake at a given cell concentration (after 6 hr of incubation) is twice as great in the uracil-free suspension, and the viable-cell titer does not remain constant, but drops to half its initial value.
The absence of glucose slightly diminished uptake (Fig. 3) ; however, with cells previously starved for 24 hr, a dearth of glucose diminished uptake considerably (Fig. 4 ). Autoclaved cells (15 psi for 10 min) manifested relatively little uptake (Fig. 2) . Phenol-killed cells (15-min exposure to 90% phenol at room temperature), not included in Fig. 2 , had no uptake at all. contained chloramphenicol and lacked leucine.) However, the plate count varied in a manner which indicated recovery of viability in some suspensions. The 5-min exposure to 60 C dropped the viable-cell titer from the initial 109 per milliliter to < 103 per milliliter, but the titer rose to 107 per milliliter after 5 hr, and attained almost 108 per milliliter by the end of the experiment. The viable titers at 55, 50, and 40 C remained at 109 cells per milliliter. The 20-min exposure to 60 C sterilized the suspension; 20 min at 55 C lowered the viable-cell titer to Wide differences in uptake occurred among various E. coli strains (Table 3) . Uptake by strain 1712, for example, was 30 times that by strain 15. Indeed, strain 15 had an uptake only twice that of autoclaved Ma cells.
The benzo[a]pyrene solvent used in growth media affected uptake greatly. In media where 10% Tween substituted for 30% serum, uptake by E. coli Ma and by S. cerevisiae diminished at least 60%, although the benzo[a]pyrene concentration in the Tween was 700 Ag/ml, whereas in the serum medium it was 25 ,ug/ml.
Physical fractionation of cells. After lysis by Ti bacteriophage, the radioactivity bound to E. coli 1712 was accounted for in the 4,000 x g sedimentable cell fraction (Table 4) . After lysis in hypotonic menstruum, the radioactivity bound to protoplasts also may be largely accounted for in this fraction (Table 5 ). More than 80% of the recoverable radioactivity was accounted for in the pellets of both E. coli strains. (Some loose particulate matter visible in the low-speed supernatant fluids was sedimented at 11,000 X g.) After E. coli was subjected to the shear during homogenization in the French press, 38% of the radioactivity was collected in the sedimentable fraction (Table 6) The cells were harvested when the population attained 109 cells per milliliter, the culture still being in the exponential phase of growth. The cells were washed with warm SB medium in the usual way, and served as inoculum in broth (lacking serum) to give 2 X 108 cells per milliliter.
After the population had doubled, the culture was divided into two 20-ml portions. One served as control, and Ti phage was added to the other to give a multiplicity of infection of 3. Lysis was followed nephelometrically. The suspensions were pelleted at 4,000 X g for 10 min.
Chemical fractionation of cells. Analyses on the ethyl alcohol-ether extract. Ethyl alcohol-ether extracts from E. coli Ma were chromatographed with n-butanol-pyridinewater (3:2:2) and with n-butanol-acetic acidwater (12:3:5). In one experiment with the latter solvent ( After lysis 10 min at 4,000 X g Approx. 0 -1.0 X 104 0.32 X 104 Additionally for 10 -1.1 X 104 0.21 X 104 min at 11,000 X g * Protoplast formation was complete after 6 hr at 38 C in broth containing 20% sucrose, 0.1% MgSO4, 1,000 units per ml of penicillin, and 10 ug/ml of thymidine. Protoplasts were transferred to SB medium containing 20% sucrose, 10 ,ug/ml of thymidine, and 25 ,ug/ml of H3-benzo[a]pyrene at 1.4 X 106 counts per min per ml (E. coli 1712) and 1.1 X 106 counts per min per ml (E. coli Ma), and incubated on a shaker overnight. Unbound benzo[alpyrene was removed with SB medium containing 20% sucrose, with care being taken not to rupture the protoplasts. Lysis required 1 hr in 10-2 M tris(hydroxymethyl)-aminomethane-hydrochloric acid buffer (pH 7.8) containing 10-2 M ethylenediaminetetraacetic acid and 10-2 M MgCl2. Radioactivity is related to 1 ml of protoplast suspension. H3 4.9 X 106 7.0 X 103 7.0 X 103 7.0 X 103 C14 5.1 X 105 6.9 X 103 7.3 X 103 7.0 X 103 * Cells were cultivated on a shaker overnight in 300 ml of SSM medium containing 25 jg/ml of benzo[alpyrene (a mixture of the Hs-, and C14-labeled hydrocarbon). Radioactivity is related to 1 ml of culture (2 X 109 cells).
t The ethyl alcohol-ether extract was dried, taken up in cyclohexane, applied to Whatman no. 1 paper, and developed (descending) with n-butanol-acetic acid-water (12:3:5). The benzo[a]pyrene spot was eluted in 75% ethyl alcohol. Test for photodynamic effects. E. coli Ma in SB medium was cultivated with (25 ,ug/ml) and without benzo[a]pyrene in the dark and also in the presence of 360-mu irradiation at 60 ergs per mm2 per sec. Growth of the four cultures was monitored by use of plate and microscopic cell counts. No effect on lag, growth rate, or cell yield was caused by irradiation, nor were any morphological effects noted.
DISCUSSION
If benzo[a]pyrene were unstable in serum solution so that it spontaneously precipitated and became enmeshed on a sticky cell surface, it would centrifuge down with the cells. Radioactivity thus grossly associated with the cell pellet might be mistaken for uptake. Such is not the case here for several reasons. Benzo[a]pyrene was not observed to precipitate from our media. Mucoid variants, presumably more sticky than wild-type, show no appreciably greater uptake. The hypothetical enmeshed hydrocarbon should be readily dissolved from the cell pellet with serum, but it is not; this bound radioactivity cannot represent an insoluble impurity, because it is quantitatively extracted with ethyl alcohol-ether and is identified as benzo[a]pyrene. Moreover, uptake appears related in a complex way to the physiological state of the cell, i.e., whether incubation is in the presence or absence of glucose, whether growth is restricted or altered by dearth of leucine, uracil, or thymine, and so forth.
Spurious exchange between hydrocarbon tritium and a cell component cannot account for uptake for some of the reasons already given, and also because C14-benzo [a] Hsu et al. (1965) .
Ts 'o and Lu (1964) reported in vitro covalent linkage between thymus DNA and benzo [a] pyrene as a result of photoradiation at 320 to 390 m,u. Adverse photodynamic effects by polycyclic aromatic hydrocarbons are well known. Recently, Epstein et al. (1964) described statistical correlation between photodynamic toxicity at 366 m,u and carcinogenicity employing Paramecium, and Yoshiyuki, Kotin, and Falk (1964) (Lederberg and St. Clair, 1958) . The Enterobacteriaceae, which have undergone extensive antigenic characterization, might serve as useful models to study the interaction between cell-surface chemistry and hydrocarbon uptake.
The observations that benzo[a]pyrene uptake per unit mass is greater in thymine-deprived and uracil-deprived cells and that uptake is increased as a result of heat shock deserve special attention.
Comparisons with normal cells might lead to more precise conclusions concerning the role of the cell in uptake and, hopefully, suggest interactions between cellular functions and uptake of the carcinogenic hydrocarbons.
